Objective: Cell-based therapies are being investigated as an adjunct to IV thrombolysis or mechanical thrombectomy in ischemic stroke. This review summarizes the potential applications as well as challenges of intravascular cell delivery in ischemic stroke.
delivery has been investigated in patients with chronic stroke. In a placebo-controlled phase I/II trial of 30 patients with chronic stroke, 5 in the treated group received autologous mesenchymal stromal cells at 1 to 2 months from the onset of symptoms. This method was reportedly safe and feasible in the short term, 11 as well as on long-term followup, with improved neurologic recovery in those patients receiving cellular therapy. 12 Another unblinded single-arm study demonstrated safety and feasibility with IV infusion of autologous mesenchymal cells in 12 patients post-stroke onset (range, 36 -133 days) . 13 Until recently, all human studies had reported results in chronic stroke patients. Recently, an open-label prospective human study demonstrated safety and feasibility with IV mononuclear cell infusion in 10 patients with acute stroke. 14 Patients in this study underwent bone marrow harvest and subsequent IV cell infusion within 24 to 72 hours of stroke onset. This methodology is supported by a preclinical study in which rats with common carotid artery/middle cerebral artery occlusion performed better on neurologic tests with IV mononuclear cells infused up to 72 hours, compared with 1 week from stroke onset. 15 However, similar to prior animal experiments, this study also found cells sequestered in the spleen, lung, liver, and kidney.
Intra-arterial. Cell delivery involves endovascular infusion of progenitor cells directly in the artery perfusing the ischemic tissue. This route of cell delivery also bypasses the peripheral filtering organs, thereby increasing cell delivery to the target ischemic tissue with uniform distribution. Animal studies have demonstrated higher rates of cell engraftment with IA delivery, 16, 17 as well as a higher concentration of cells in the target ischemic lesion with IA, 16 compared with IV cell infusion. 18, 19 One preclinical study comparing IV and IA autologous bone marrow mononuclear cell (BMMNC) delivery found significant reduction in infarct volume, higher cell engraftment, and improved motor function with IA delivery. 20 The authors attributed this "significant neuroprotective effect " in the IA group to the larger number of implanted cells in the brain during early reperfusion. Despite the advantage of increased cell homing in the ischemic lesion, few animal studies have also raised concern with the potential for microvascular occlusion, worsening ischemia, and higher mortality with IA delivery. 19, 21 A recent preclinical study investigated the etiology of cerebral blood flow reduction and microvascular occlusion following IA neural progenitor cell infusion. 22 The investigators attributed the microstrokes to the prior procedural technique, but that can be overcome with preserved anterograde flow. 22
Mechanisms of action of stem cells in ischemic stroke.
Preclinical studies on the use of stem cells for the treatment of stroke have now clearly demonstrated that the administration of different types and sources of stem cells can ameliorate neurologic deficits, and in some cases significantly reduce the size of the infarct. For example, IV administration of human cord blood stem cells into laboratory rodents 2 days after ischemic stroke has been shown to reduce infarct lesion volume by approximately 50% and improve neurologic function by approximately 55%. 23 Early studies of stem cell therapy for treating stroke were based on the rationale of replacing neural cells that were lost as a result of ischemic brain injury. These cells could be neuronal, astrocytic, oligoden-droglial, or endothelial in phenotype. However, it has now become clear that in spite of improvements in neurologic outcome and reductions in infarct size, the mechanism of cell replacement in stem cell therapy for stroke appears to play a more modest role than originally envisioned. Recent reports have shown that the administration of stem cells in animals with stroke can induce the reinstatement of functional connectivity, as determined by functional MRI. 24 This, in turn, may be mediated by the outgrowth of nerve fibers of endogenous neurons. 23, 25 Other studies have demonstrated that stem cell therapy results in the upregulation of growth factors that may be responsible for the outgrowth of these endogenous fiber processes 26 and for the inhibition of inflammatory processes, 27 which may lead to secondary cell loss within the brain. These observations offer intriguing alternative mechanisms that may underlie the restorative effects noted with stem cell therapy following stroke and provide a rationale basis for clinical trials.
Challenges in translating intravascular cellular delivery from bench to the bedside. All routes of cell delivery have appeared promising in animal studies, although the intravascular routes of delivery such as IV and IA are less invasive than IC and ICV routes. Despite promising results in animal studies, several key questions remain to be answered before proceeding to human trials, such as choice of cells for delivery or implantation (table 2) , the timing of cellular therapy, and the dose of cells delivered or implanted. Despite these knowledge gaps, initial clinical trials investigating cell therapy in chronic as well as subacute strokes have already begun worldwide (table 3) .
Choice of cells. The authors describe the pros and cons of the various donor cell types and their relevance to acute ischemic stroke (table 2). The longer timeframe required for obtaining cells from autologous sources limits their potential application in patients with hyperacute strokes. Cells derived from umbilical cord 23, 28 or placenta 29 could be potentially investigated in clinical studies in patients receiving IV or IA thrombolytic therapy in the initial few hours after a stroke.
Timing of cell therapy. Unlike IV or IA revascularization therapies, there are no clearly defined therapeutic time windows for cell therapy with all routes of delivery. Since most ongoing human studies use cells from autologous sources, these trials are investigating therapeutic windows ranging from a few days to several months.
Dose. Preclinical studies have demonstrated a dose-response relationship, with higher IV cell dose resulting in smaller infarct volumes. 30 -31 Given that IV infusion results in sequestration of cells in peripheral organs, it is theoretically conceivable that IA de- 
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Need specialized labs for cell separation and processing livery could produce similar results with lesser cell doses; however, the optimal dose for IV or IA therapy is unclear. The initial clinical studies have essentially focused on feasibility of autologous cell procurement and the maximum viable cell dose that could be safely obtained prior to delivery.
Intra-arterial cell delivery in cardiac and peripheral vascular disease. Numerous initial clinical studies investigating IA cell delivery in patients post-myocardial infarction have demonstrated a trend toward improved clinical outcomes as well as physiologic parameters (increased contractility and improved myocardial perfusion, with decreased infarct size and end-systolic volume). 32 These studies primarily utilized autologous bone marrow-derived cells and did not report any significant adverse events. Along similar lines, patients with peripheral vascular disease treated in clinical studies with IA or combined IA and IM injections of autologous bone marrow cells have demonstrated favorable outcomes so far. 33 These studies also reported no significant adverse events, with improved ankle-brachial index, decreased claudication, and improved walking distance.
Preliminary human experience with intra-arterial cell delivery in ischemic stroke. In the first reported case of IA cell delivery in ischemic stroke, the authors performed IA autologous BMMNC infusion in a patient with left middle cerebral artery distribution infarct, 3 days after symptom onset. 34 Prior to infusion, transcranial Doppler demonstrated intracranial arterial patency. The authors also reported a decrease in hypoperfusion on SPECT as well as increased metabolism in the ischemic tissue, 7 days after IA cell delivery. They subsequently reported another patient who underwent IA autologous BMMNC delivery in the left middle cerebral artery 9 days after stroke onset. 35 They also labeled 1% of these cells with Tc-99m by incubating with hexamethylpropylene amine oxime and subsequently performed SPECT scanning, 8 hours following the IA infusion. They reported good clinical recovery and also mentioned that this method of in vivo cell tracking could be safe in humans after IA delivery.
More recently, a pilot study reported safety in IA BMMNC delivery in the middle cerebral artery in patients with chronic stroke. 36 They reported no symptomatic worsening or significant adverse effects. One patient developed asymptomatic spike-wave activity following infusion. Two patients developed seizures 6 months after infusion, which were deemed unrelated to the infusion and treated with antiepileptic drugs.
Optimal endovascular techniques for intra-arterial cell delivery in ischemic stroke. As demonstrated by preclinical studies, prespecified endovascular technical details are the key to safety of this route of cell delivery. In patients with myocardial infarction receiving intracoronary cell delivery, the interventionalists used an over-the-wire single balloon catheter that was inflated to occlude flow for a few minutes, during which the cells were infused in the coronaries distal to the occlusion through the lumen of the balloon catheter. This maneuver was performed to allow for adhesion and transendothelial migration of the infused cells. 37 The balloon would then be deflated to allow anterograde coronary flow, and this procedure was repeated until all the cells were delivered. Similarly, a double-balloon occlusion technique with ports in between the 2 balloons has been used for IA delivery of a high concentration of chemotherapeutic agents. 38 Although the single or double balloon techniques have shown promise, 37,38 this might not necessarily be the case in the more fragile cerebral blood vessel. 39 As demonstrated recently in a preclinical study, preserved anterograde flow in the parent artery during IA cell delivery might be a safer technique in the craniocerebral vasculature. 22 It is critical to have pre-established flow rates that do not affect viability of specific stem cells, with use of different microcatheters, heparinized saline, and angiographic contrast agents. A study has demonstrated that infusion of 10 million cells/mL through the Excelsior SL-10 microcatheter (Boston Scientific, Fremont, CA) at rates of up to 2 mL/min under standard temperature conditions did not affect viability of BMMNCs. 40 Cell viability was also unaffected with exposure to Omnipaque (Nycomed, Princeton, NJ) and low-dose heparin (2.5 U/mL) for 1 hour. There was a noticeable reduction in viability of BMMNCs at a concentration of 10 million cells/mL with infusion rates in excess of 2 mL/min and exposure to high-dose heparin (500 U/mL) for 1 hour. Another study demonstrated that infusion of human umbilical cord blood cells through the Excelsior SL-10 microcatheter (Boston Scientific) at concentration of 10 million cells/mL led to a reduction in viability. 41 There was no affect on viability of these cells at a concentration of 1 million cells/mL, regardless of flow rates. DISCUSSION Cell-based therapy is a potential adjunct therapeutic modality to acute revascularization therapies (IV thrombolysis or mechanical thrombectomy) for improved neurologic recovery in stroke patients. Despite the challenges in clinical translation from basic science studies, initial pilot studies have demonstrated safety and feasibility with IV and IA cell delivery. The ongoing clinical trials using various delivery routes, choice of cells, timing of therapy, and doses of cells are likely to bridge the knowledge gaps that exist with this therapy for patients with ischemic stroke.
